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cAMP-dependent protein kinase (PKA) is critical for the expression of some forms of long-term potentiation
(LTP) in area CA1 of the mouse hippocampus and for hippocampus-dependent memory. Exposure to spatially
enriched environments can modify LTP and improve behavioral memory in rodents, but the molecular bases
for the enhanced memory performance seen in enriched animals are undefined. We tested the hypothesis that
exposure to a spatially enriched environment may alter the PKA dependence of hippocampal LTP.
Hippocampal slices from enriched mice showed enhanced LTP following a single burst of 100-Hz stimulation
in the Schaffer collateral pathway of area CA1. In slices from nonenriched mice, this single-burst form of LTP
was less robust and was unaffected by Rp-cAMPS, an inhibitor of PKA. In contrast, the enhanced LTP in
enriched mice was attenuated by Rp-cAMPS. Enriched slices expressed greater forskolin-induced,
cAMP-dependent synaptic facilitation than did slices from nonenriched mice. Enriched mice showed improved
memory for contextual fear conditioning, whereas memory for cued fear conditioning was unaffected
following enrichment. Our data indicate that exposure of mice to spatial enrichment alters the PKA
dependence of LTP and enhances one type of hippocampus-dependent memory. Environmental enrichment
can transform the pharmacological profile of hippocampal LTP, possibly by altering the threshold for
activity-dependent recruitment of the cAMP-PKA signaling pathway following electrical and chemical
stimulation. We suggest that experience-dependent plasticity of the PKA dependence of hippocampal LTP
may be important for regulating the efficacy of hippocampus-based memory.

Experience and environmental enrichment can modify the
structure (Globus et al. 1973; Greenough and Volkman
1973), growth (Hubel and Wiesel 1977; Stryker and Harris
1986; Kempermann et al. 1997), and physiological efficacy
(Wiesel and Hubel 1963; Green and Greenough 1986) of
mammalian neurons and their synaptic connections. Envi-
ronmental enrichment can also enhance learning and
memory in rodents (Escorihuela et al. 1995b; Kempermann
et al. 1997; van Praag et al. 1999; Rampon et al. 2000;
reviewed by Rosenzweig and Bennett 1996). However, the
cellular and molecular bases for enrichment-induced modi-
fications of cognitive function remain undefined. Altered
intracellular signaling and modified synaptic strength may
underlie enrichment-induced improvement of memory
(Paylor et al. 1992; Escorihuela et al. 1995a; see also these
general reviews on synaptic plasticity: Elgersma and Silva
1999; Micheau and Riedel 1999; Martin et al. 2000).

Hippocampal long-term potentiation (LTP) is an activ-
ity-dependent enhancement of synaptic transmission that is

believed to be a cellular mechanism for some types of
memory in the mammalian brain (for review, see Bliss and
Lomo 1973; Micheau and Riedel 1999; Martin et al. 2000).
In rodents and humans, area CA1 of the hippocampus is
critical for information processing linked to certain forms of
memory (Zola-Morgan et al. 1986; Tsien et al. 1996). Explo-
ration of spatially complex, or “enriched,” environments
elicits patterns of electrical activity in hippocampal neurons
of area CA1 that are similar to patterns of electrical stimu-
lation used to induce LTP in hippocampal slices (O’Keefe
1979; Otto et al. 1991). This suggests that exposure to en-
riched environments may modify synaptic physiology in
hippocampal neurons (Green and Greenough 1986; Foster
et al. 1996; van Praag et al. 1999).

One particular signal transduction molecule that is
critical for the induction of long-lasting synaptic potentia-
tion in area CA1 is cAMP-dependent protein kinase (PKA).
Inhibitors of PKA attenuate maintenance of LTP in an activ-
ity-dependent manner: LTP induced by multiple bursts of
100-Hz stimulation in area CA1 of hippocampal slices is long
lasting and is critically dependent on PKA (Frey et al. 1993;
Huang and Kandel 1994; Blitzer et al. 1995), whereas LTP
induced by a single 100-Hz burst of stimulation is relatively
less robust and less dependent on PKA activation (Huang
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and Kandel 1994; Blitzer et al. 1995; Otmakhova et al.
2000). Genetic reduction of hippocampal PKA activity im-
pairs expression of multiburst, but not single-burst, LTP in
area CA1 (Abel et al. 1997). These electrophysiological ob-
servations are correlated with specific deficits of hippocam-
pus-dependent long-term (but not short-term) memory in
PKA mutant mice (Abel et al. 1997).

Although pharmacological and genetic studies have de-
fined a critical requirement for PKA in some forms of LTP
and long-term memory, it is not known whether environ-
mental enrichment can modify the PKA dependence of LTP
in area CA1. In this study, we have addressed the following
question: Can exposure to a spatially enriched environment
alter the PKA-dependence of LTP in area CA1?

RESULTS

LTP is Enhanced by a Prolonged Period of
Spatial Enrichment
Recent studies have shown that exposure of mice and rats
to spatially enriched environments for several weeks can
modify neurogenesis, learning, and synaptic strength in the
hippocampus (Foster et al. 1996; Kempermann et al. 1997,
1998). We therefore examined the effect of 8 wk of expo-
sure to an enriched environment on hippocampal LTP in
area CA1. Hippocampal slices from mice kept in an en-
riched environment for 8 wk showed robust LTP following
just a single 1-sec burst of 100-Hz stimulation; the mean
fEPSP slope measured 1 h after induction was 238% ± 36%
of baseline (Fig. 1). In contrast, LTP was significantly less
robust in slices from age-matched mice reared for 8 wk in

standard cages (Fig. 1, open triangles); the mean fEPSP
slope was 127% ± 8% of baseline 1 h after LTP induction
(P < 0.01 compared to enriched group). In slices from en-
riched mice, LTP was abolished by the NMDA receptor an-
tagonist, APV (P < 0.001; filled circles, Fig. 1), indicating
that LTP in slices from enriched mice was dependent on
activation of NMDA receptors. Slices from control nonen-
riched mice also showed NMDA receptor-dependent LTP
following a single burst of 100-Hz stimulation; mean fEPSP
slopes in control and APV-treated slices were 175% ± 18%
and 105% ± 9% of baseline, respectively, at 20 min post-
induction (P < 0.05; Fig. 1).

Basal synaptic transmission was unaltered by spatial
enrichment; the average ratio of fEPSP slope to presynaptic
fiber volley amplitude in enriched slices (4.58 ± 0.15
msec−1, n = 7 mice, 20 slices) was not significantly different
from the mean ratio measured from nonenriched controls
(4.45 ± 0.15 msec−1, n = 7 mice, 19 slices, P > 0.5).

Glutamatergic Synaptic Currents and Spike
Frequency Accommodation in Hippocampal
Pyramidal Neurons
Activation of NMDA receptors and the resultant Ca2+ influx
are necessary for LTP induction in area CA1 (Collingridge et
al. 1983; Malenka et al. 1988). Spatial enrichment may fa-
cilitate induction of LTP by increasing NMDA receptor cur-
rents or by enhancing neuronal membrane excitability. To
test this hypothesis, we performed “blind” whole-cell patch
clamp recordings on CA1 pyramidal neurons in hippocam-
pal slices from enriched and control mice. We measured
evoked postsynaptic glutamatergic currents to determine
whether the size of the NMDA receptor-mediated compo-
nent was altered relative to the non-NMDA receptor-medi-
ated component (Fig. 2a1,a4). We found no significant
differences between the relative proportions of NMDA
and non-NMDA currents present in cells from control and
enriched slices; the mean ratios of NMDA to non-NMDA
currents were 0.24 ± 0.03 (n = 32 cells, 13 mice) and
0.27 ± 0.05 (n = 21 cells, six mice), respectively (P > 0.1;
Fig. 2a4).

Current-clamp recordings revealed no significant
changes in membrane excitability. Neither the mean mem-
brane resting membrane potential (Em) nor the average
membrane input resistance (Rin) was altered by spatial
enrichment (control Em = −63 ± 1 mV, Rin = 124 ± 10
Mohms, n = 24; enriched Em = −63 ± 1 mV, Rin = 124 ± 12
Mohms, n = 15; P > 0.3 for all control vs. enriched compari-
sons). Also, the average number of action potentials mea-
sured in response to a depolarizing current pulse (300 pA
for 1 sec) was not significantly different between the two
groups (control: 28 ± 3 spikes, n = 16; enriched: 26 ± 2
spikes, n = 19; P > 0.3).

Spike frequency accommodation in hippocampal neu-
rons is a reduction in spike firing rate observed during a

Figure 1 LTP is enhanced following spatial enrichment for 8 wk.
LTP induced by a single 1-sec burst of 100-Hz stimulation (1-sec
duration) is less robust in slices from mice housed in standard cages
(open triangles, n = 13 mice, 13 slices) than in slices from mice
housed in spatially enriched cages (open circles, n = 10 mice, 13
slices). LTP in enriched slices was blocked by an antagonist of
NMDA receptors, APV (100 µM; closed circles, n = 7 mice, nine
slices). Sample fEPSP traces were recorded from slices 50 min after
LTP induction.
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sustained stimulus (Schwartzkroin 1977). Experience-
induced decreases in spike accommodation may enhance
spike firing and synaptic transmission between neurons.

We hypothesized that spatial enrichment might alter spike
accommodation in CA1 pyramidal neurons. We measured
spike frequency accommodation in CA1 neurons as the ra-
tio of the average spike frequency during the final 400 msec
of a spike train to the average spike frequency during the
first 50 msec of the spike train. In slices from control and
enriched mice, the mean ratios were 0.17 ± 0.03 and
0.19 ± 0.04, respectively (P > 0.1; inset histogram, Fig.
2b2). Thus, spatial enrichment under our conditions did not
significantly modify spike frequency accommodation in
CA1 pyramidal neurons.

Spatial Enrichment Alters the PKA Dependence
of LTP in Area CA1
The absence of significant changes in membrane biophysi-
cal properties, spike frequency accommodation, and gluta-
matergic receptor currents in hippocampal neurons of en-
riched mice prompted further investigation into other pos-
sible molecular mechanisms that may underlie the
enhanced LTP seen in slices from enriched mice. In particu-
lar, we hypothesized that the dependence of LTP expres-
sion on particular signaling pathways may be modified by
environmental enrichment under these conditions. One
specific signaling pathway that has been implicated in the
expression of some forms of LTP in area CA1 is the cAMP-
PKA pathway.

It is believed that activation of the cAMP-PKA signaling
pathway is critical for the expression of some forms of LTP
in area CA1 (Huang and Kandel 1994; Blitzer et al. 1995;
Abel et al. 1997; Wong et al. 1999). PKA plays a critical role
in the expression of LTP induced by strong, multiburst
stimulation, whereas LTP produced by a single burst of 100-
Hz stimulation is less dependent on hippocampal PKA ac-
tivity (Huang and Kandel 1994; Blitzer et al. 1995; Abel et al.
1997; Otmakhova et al. 2000). One consequence of expo-
sure to a spatially enriched environment may be altered
(increased) PKA dependence of single-burst LTP. To test
this hypothesis, we first attempted to block single-burst LTP
in enriched slices with a specific inhibitor of PKA. In con-
trol slices, a PKA inhibitor, Rp-cAMPS (Dostmann 1995), did
not alter LTP evoked by a single 100-Hz burst of stimulation
(Fig. 3a). In contrast, the amount of LTP observed in
hippocampal slices from enriched mice was reduced by
Rp-cAMPS (Fig. 3b; P < 0.05) to levels not significantly dif-
ferent from LTP measured in slices from nonenriched mice
(Fig. 3c). Hence, these data show that expression of single-
burst LTP in slices from enriched mice is PKA dependent,
whereas this same single-burst stimulation protocol induced
a form of LTP in nonenriched slices that is less dependent
on PKA.

Additional evidence in support of a PKA-dependent en-
hancement of synaptic potentiation following enrichment
was provided by comparing cAMP-induced synaptic facili-
tation in enriched and control slices. Conjoint application of

Figure 2 Biophysical and electrophysiological properties of CA1
neurons. (a1) Superimposed sample traces of excitatory postsynap-
tic currents, evoked by stimulation of Schaffer collateral fibers, in
voltage-clamped CA1 pyramidal cells from control (black) and
8-wk enriched mice (gray). Cells were held at −100 mV (lower
traces) and +40 mV (upper traces). Arrows demarcate time points
for measurements of current amplitudes shown in a2 and a3. The
lower arrow indicates peak non-NMDA current, while the upper
arrow, placed 35 msec after the peak, is the estimate of NMDA
current amplitude. (a2) I-V plot for peak current and the current at
35 msec after the peak in enriched and control cells. (a3) Scatter
plot of peak non-NMDA (VM = −100 mV) versus NMDA
(VM = +40 mV) currents elicited at various stimulus intensities in
CA1 pyramidal neurons from control (open triangles, 32 cells from
13 mice) and enriched mice (open circles, 21 cells from six mice).
(a4) The average ratio (±SEM) of NMDA to non-NMDA current
amplitudes was derived from the scatter plot in a3 and showed no
significant difference between cells from control (C) and enriched
(E) mice. (b1) Action potentials in pyramidal CA1 neurons evoked
by a 1-sec pulse of intracellular current injection. (b2) Plot of av-
erage instantaneous spike frequency (Hz) versus time after the start
of a current pulse. No significant differences in these curves were
observed for CA1 pyramidal neurons from control (solid line,
n = 16 cells from 12 mice) and enriched slices (broken line, n = 19
cells from six mice; P > 0.2). Inset bar graph: histogram showing
the mean spike frequency measured during the last 400 msec of a
spike train, expressed as a percentage of the average spike fre-
quency measured during the initial 50 msec of the spike train. No
significant difference was observed between the two groups
(C = control, E = enriched).
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forskolin and IBMX can facilitate synaptic transmission in
hippocampal slices in a cAMP-dependent manner (Chavez-
Noriega and Stevens 1992). Forskolin activates adenylate
cyclase (Daly et al. 1982), whereas IBMX inhibits phospho-
diesterases (Smellie et al. 1979). These drugs activate PKA
by raising intracellular cAMP levels. To test the notion that
cAMP-dependent synaptic facilitation may be altered follow-
ing enrichment, we measured fEPSP responses during acute
treatment of slices with forskolin and IBMX (25 µM each;
Fig. 4). In control, nonenriched slices, treatment with for-
skolin and IBMX, at 25 µM each, elicited a mild but signifi-
cant facilitation of synaptic efficacy; the mean fEPSP slope

measured from control slices with forskolin/IBMX was
132% ± 12% at 50 min after the start of drug application,
whereas the corresponding mean slope measured in con-
trol, nonenriched slices was only 100% ± 7% (P < 0.05; Fig.
4b). Also, the mean fEPSP slope measured following forsko-
lin/IBMX treatment was significantly lower in control slices
(132% ± 17% of baseline, measured 50 min after the onset
of drug application; Fig. 4a) than in enriched slices
(256% ± 29% of baseline; P < 0.001). In enriched slices, the
synaptic facilitation elicited by forskolin and IBMX was
blocked by a specific inhibitor of the catalytic subunit of
PKA, KT-5720 (Kase et al. 1987) (P < 0.001; Fig. 4a).

The more robust synaptic facilitation seen in enriched
slices following treatment with forskolin and IBMX suggests
that spatial enrichment increases the efficacy of cAMP/PKA-
dependent forms of synaptic facilitation. It is noteworthy
that IBMX blocks adenosine receptors and inhibits phos-
phodiesterases in the hippocampus (Smellie et al. 1979).
Both actions of IBMX can increase cAMP levels, as tonic
activation of adenosine receptors in area CA1 (Dunwiddie
and Hoffer 1980) is associated with inhibition of adenylate

Figure 3 LTP in slices from enriched mice is attenuated by an
inhibitor of PKA. (a) A specific inhibitor of PKA, Rp-cAMPS (100
µM), did not alter LTP in slices from control mice (control: open
triangles, n = 13 mice, 13 slices; control + Rp-cAMPS: closed tri-
angles, n = 9 mice, nine slices). (b) Rp-cAMPS attenuated LTP in
slices from enriched mice (enriched: open circles, n = 11 mice, 13
slices; enriched + Rp-cAMPS: closed circles, n = 8 mice, eight
slices). Sample fEPSP traces were recorded from enriched slices in
the absence (open circle) and presence (closed circle) of Rp-
cAMPS, just before and 1 h after LTP induction. (c) Summary his-
togram showing mean fEPSP slopes measured 45 min after LTP
induction in control (C) and enriched slices (E) in the absence and
presence of Rp-cAMPS (R). An asterisk indicates P < 0.05 for com-
parison with the enriched group (E).

Figure 4 Differential synaptic facilitation elicited by forskolin and
IBMX. (a) Conjoint application of an adenylate cyclase activator,
forskolin (FSK, 25 µM), and a phosphodiesterase inhibitor, IBMX
(25 µM), increased fEPSP slopes to a greater degree in slices from
enriched mice (open circles, n = 8 mice, 11 slices) than in slices
from control mice (open triangles, n = 7 mice, 10 slices). A PKA
inhibitor, KT-5720, attenuated the synaptic facilitation in enriched
slices (closed circles, n = 5 mice, eight slices). (b) Co-application of
forskolin (FSK) and IBMX (25 µM each) significantly increased
fEPSP slopes in nonenriched slices (open triangles, n = 7 mice,
eight slices), whereas no significant change in mean fEPSP slope
was observed in control, nonenriched slices in the absence of for-
skolin and IBMX (closed circles, n = 6 mice, eight slices).
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cyclase (Fredholm et al. 1983; Dunwiddie and Fredholm
1989; Chavez-Noriega and Stevens 1992). Our block of for-
skolin/IBMX-induced synaptic facilitation in enriched slices
by a specific inhibitor of PKA confirms that this enhance-
ment of synaptic transmission was mediated through PKA.

These data complement our finding that Rp-cAMPS at-
tenuated stimulation-induced LTP in enriched slices, and
the data also provide strong support for the hypothesis that
spatial enrichment modifies the PKA dependence of LTP in
area CA1 and increases the efficacy of PKA-dependent
forms of synaptic facilitation.

Memory for Contextual Fear Conditioning is
Improved in Enriched Mice
Memory for contextual fear conditioning is dependent on
both the hippocampus and the amygdala, while a related
task, cued fear conditioning, requires only the amygdala for
its expression (Phillips and LeDoux 1992; Kim et al. 1993;
Holland and Bolton 1999). Both tasks require only a single
training trial for robust learning to occur, and memory can
be tested by measuring freezing behavior 24 h after a train-
ing session (e.g., Abel et al. 1997).

Does spatial enrichment under the present conditions
improve memory for contextual fear conditioning? To ad-
dress this question, we compared fear conditioning be-
tween mice that had experienced spatial enrichment for 8
wk and mice that were housed for the same period of time
in nonenriched cages. We found that immediate learning
following presentation of the unconditioned stimulus (US;
footshock) was slightly, but not significantly, increased in
enriched mice (Fig. 5). Levels of freezing, measured during
a 30-sec time period immediately after the US, were
20% ± 4% for enriched mice and 8% ± 4% for control mice
(P > 0.1, n = 7 for controls, n = 10 for enriched group).
However, memory for contextual fear conditioning (mea-
sured 24 h posttraining) was significantly enhanced in en-
riched mice (Fig. 5). Levels of freezing were 48% ±9% for
enriched and 22% ± 6% for control mice (n = 10 for each
group; P < 0.01).

Conditioning was also compared between enriched
and control mice during testing for memory for cued fear
conditioning. At 24 h after training, the levels of freezing
observed before presentation of the conditioned stimulus
(CS; tone) were not significantly different between en-
riched and control mice (“pre-CS” bars, Fig. 5). Levels of
freezing were 18% ± 5% for enriched and 13% ± 3% for con-
trol mice (n = 7 for controls, n = 10 for enriched group,
P > 0.2). During presentation of the CS, the levels of freez-
ing behavior also did not differ significantly between these
two groups (CS bars, Fig. 5); the measured values were
62% ± 8% for enriched and 56% ± 7% for control mice
(n = 10 for each group, P > 0.1).

In summary, enriched mice showed enhanced memory
for contextual fear conditioning when compared to control

mice. Memory for cued fear conditioning, which requires
the amygdala, was not significantly altered by spatial enrich-
ment under these conditions. Hence, these data show that
enrichment improves hippocampus-dependent contextual
fear conditioning in mice (see also Rampon et al. 2000).

DISCUSSION
Our data indicate that significant enhancement of LTP can
occur in hippocampal area CA1 following 8 wk of spatial
enrichment. Enhanced LTP in slices from enriched mice
was attenuated by an inhibitor of PKA, and greater forsko-
lin/IBMX-induced (and PKA-dependent) synaptic facilitation
was observed in slices from enriched mice. These experi-
ence-induced changes in synaptic efficacy were not associ-
ated with altered biophysical or electrophysiological char-
acteristics of postsynaptic CA1 pyramidal neurons.

Previous studies have shown that synaptic potentiation
induced by a single burst of 100-Hz stimulation in area CA1
is less sensitive to inhibitors of PKA than LTP induced by
multiple 100-Hz bursts (Huang and Kandel 1994; Blitzer et
al. 1995; Otmakhova et al. 2000). Our observation that
slices from enriched mice showed larger single-burst LTP
than slices from control nonenriched mice suggests that the
threshold for induction of LTP may have decreased after 8
wk of spatial enrichment. In addition, the enhancement of
LTP seen in enriched slices was attenuated by an inhibitor
of PKA. These findings indicate that exposure to spatial
enrichment under the present conditions can elicit an ex-
perience-dependent transformation of the pharmacological

Figure 5 Contextual and cued fear conditioning. Mice reared in
an enriched environment for 8 wk (dark bars) displayed signifi-
cantly enhanced memory for contextual fear conditioning (24 h
contextual) as compared to control mice kept in standard nonen-
riched cages (open bars; * P < 0.01). Ordinate shows freezing be-
havior expressed as a percentage of total time spent in the test
chamber. Immediate learning, measured after presentation of the
unconditioned stimulus, was slightly, but not significantly, in-
creased by enrichment. Memory for cued fear conditioning, mea-
sured before and during the CS (24 h pre-CS and 24 h CS, respec-
tively), was not significantly different between enriched and con-
trol mice. CS = conditioned stimulus (tone).
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profile of single-burst LTP in area CA1, such that this modi-
fied form of single-burst LTP resembles multiburst LTP in its
requirement for PKA.

Our finding that the sizes of synaptically evoked gluta-
matergic currents were not significantly altered after 8 wk
of enrichment suggests that substantial, long-lasting in-
creases in the amplitudes of NMDA- or AMPA-receptor cur-
rents are not critically involved in causing the enhanced LTP
seen in enriched slices. This is consistent with a previous
study that showed no changes in the expression levels of
GluR1 and GluR2/3 proteins in hippocampal membranes of
spatially enriched animals (Gagne et al. 1998). Furthermore,
we observed no significant changes in membrane excitabil-
ity, mean resting potential, mean input resistance, or spike
frequency accommodation in postsynaptic CA1 pyramidal
neurons. However, subtle alterations in the regulation of
glutamatergic receptor function cannot be ruled out.

Previous studies have shown that running per se en-
hances neurogenesis and LTP in the dentate gyrus, but not
in area CA1, of mouse hippocampal slices (van Praag et al.
1999). These studies did not examine the effects of spatial
complexity on CA1 LTP in the absence of running activity
(i.e., an enriched environment without a running wheel).
One reason for the difference between the CA1 LTP data of
van Praag et al. (1999) and our results is that we have used
a single burst of 100-Hz stimulation to induce LTP, whereas
van Praag et al. used a stronger tetra-burst protocol. Tetra-
burst stimulation induces persistent LTP in area CA1, even
in slices from aged, senescent mice (Bach et al. 1999).
Hence, this stimulation protocol may saturate or strongly
activate synaptoplastic processes in area CA1, and such
saturation may mask more subtle modifications in the ex-
pression, or threshold for induction, of LTP. A single-burst,
100-Hz stimulation protocol may be better suited for exam-
ining putative experience-induced changes in the expres-
sion or induction threshold of LTP (see Barad et al. 1998).

Differences between our data and those of previous
studies on the synaptoplastic effects of enrichment (e.g.,
Green and Greenough 1986; Foster et al. 1996) may reflect
variations in experimental protocols. In this study, area CA1
was examined, whereas synaptic physiology was studied in
the dentate gyrus of hippocampal slices in previous work
(Green and Greenough 1986; Foster et al. 1996). Some
forms of physiological plasticity in the dentate gyrus, such
as LTP, may be less susceptible to robust modifications or
are less readily detectable following environmental manipu-
lations or slice stimulation (see Nguyen and Kandel 1996).
Also, differences in the duration of exposure to enrichment,
species, gender, and age of animals used in all of these
studies may influence the amount of synaptoplasticity de-
tected after enrichment. For example, we have used young
female mice in this study, whereas male rats were used in
previous work on enrichment-induced synaptic modifica-
tions (Foster et al. 1996). Male mice were not examined in

the present study because aggressive behavior (fighting)
among male mice may confound the interpretation of our
spatial enrichment experiments. Also, differences between
the genetic backgrounds of animals exposed to enrichment
might have an important impact on the amount of synaptic
plasticity seen following enrichment (Haemisch et al. 1994;
van de Weerd et al. 1994; Nguyen et al. 2000a,b). Hence,
the interactions of multiple factors (such as stress, hor-
mones, handling, genetic background, development, and
exercise) may importantly influence the outcomes of ex-
periments using spatial enrichment to explore mechanisms
of neural and cognitive plasticity.

What specific aspects of an enriched environment
caused the changes in synaptic plasticity reported here? It
may be impossible to clearly dissociate the contributions (to
experience-induced plasticity) of motor activity per se from
increased sensory stimulation that occurs during explora-
tion of inanimate objects in an enriched environment. Ex-
ploration of a spatially enriched environment almost invari-
ably involves some physical activity, and such activity will
stimulate muscle sensory receptors and might increase the
synthesis and release of neurotrophic chemicals (Neeper et
al. 1995; Torasdotter et al. 1998). These neurotrophic fac-
tors may then modulate the activity and plasticity of neu-
rons (Kang and Schuman 1996; Boulanger and Poo 1999).

In this study, we used similar-sized cages with identical
animal group sizes and spatial enrichment conditions. The
food provided to enriched and control mice in this study
was identical; hence, nutritional enrichment cannot explain
our results. Finally, the enhancement of LTP seen here was
evident after 8 wk of enrichment, but it was absent after
only 2 wk of enrichment (S. Duffy, unpubl.). This suggests
that the effects of acute handling stress may not be impor-
tant in causing the synaptic changes seen here. Indeed,
stress is associated with a decrease in LTP magnitude (Foy et
al. 1987; Pavlides et al. 1993) and stress impairs hippocam-
pus-dependent spatial learning (Luine et al. 1994). In con-
trast, we observed enhanced LTP magnitude and improved
hippocampus-dependent memory for contextual fear con-
ditioning after enrichment. In summary, these consider-
ations, and our data, provide strong support for an impor-
tant role of spatial enrichment in eliciting the enhancement
of LTP seen here.

Numerous studies have shown that exposure of ro-
dents to enriched environments can improve learning and
memory (for review, see Rosenzweig and Bennett 1996; see
also Kempermann et al. 1997; van Praag et al. 1999; Ram-
pon et al. 2000). Our behavioral experiments revealed a
significant improvement in memory for contextual fear con-
ditioning in enriched mice. In contrast, memory for cued
fear conditioning was unaffected in enriched mice. The
neural bases for both types of fear conditioning have been
identified: Contextual fear conditioning depends on the hip-
pocampus and the amygdala, while cued fear conditioning
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relies on the amygdala alone (Phillips and LeDoux 1992;
Kim et al. 1993; Holland and Bolton 1999). This suggests
that spatial enrichment might have modified hippocampus-
dependent processes that contribute to these behavioral
changes. Such processes may include, but might not be
restricted to, synaptic LTP, which was enhanced in slices
from enriched mice.

Our behavioral data also indicate that experience-
dependent enhancement of LTP in area CA1 may contribute
to enrichment-induced improvement of hippocampus-de-
pendent memory for contextual fear conditioning. Trans-
genic mice with genetically reduced levels of hippocampal
PKA activity show defective maintenance of LTP and im-
paired hippocampus-dependent long-term memory for con-
textual fear conditioning (Abel et al. 1997). In this study,
enhancement of LTP in slices from enriched mice was at-
tenuated by Rp-cAMPS, whereas LTP in nonenriched slices
was unaffected by this same inhibitor of PKA. It is notewor-
thy that the persistence of single-burst LTP in mouse hip-
pocampal slices can also be facilitated by pharmacological
enhancement of levels of hippocampal cAMP (Barad et al.
1998). Also, memory formation during contextual fear con-
ditioning of mice is blocked by intracranial injection of Rp-
cAMPS (Bourtchouladze et al. 1998). Further work is
needed to determine whether the improved hippocampus-
dependent memory seen here following enrichment is af-
fected by PKA inhibitors. Experience-dependent plasticity
of the PKA dependence of hippocampal LTP may be impor-
tant for regulating the efficacy of hippocampus-based
memory.

MATERIALS AND METHODS

Spatial Enrichment
C57BL/6J mice (female, age 4 wk, Jackson Labs) were housed in
groups of seven in 47 × 37 × 21-cm cages, each containing one
40-cm hollow plastic J-shaped tunnel; three linked 5-cm-diameter,
metallic swinging rings (Tarzan rings); one 13-cm-diameter metallic
running wheel; short, hollow plastic tubes for burrowing; and one
two-story colored, hollow plastic house (10 × 12 × 14 cm) with
multiple entrances/exits accessible to mice. Age-matched mice
were housed in groups of seven in similar-sized cages without these
added spatial components. Mice were housed for 8 consecutive wk
before electrophysiological or behavioral experimentation. A
shorter duration of enrichment has been used to produce experi-
ence-related changes in neurogenesis and synaptic efficacy (Kem-
permann et al. 1997). Multiple hippocampal slices from a given
animal were used for the different types of experiments described
in the Results section (i.e., different treatments were interleaved
between separate slices from the same animal). Both enriched and
nonenriched groups of mice received identical types of rodent
chow and water ad libitum, and they were kept on a 12-h light/dark
cycle. All mice were maintained in the animal care facility at the
University of Alberta, consistent with CCAC guidelines.

Electrophysiology
Electrophysiological experiments were performed over a period of
one to four consecutive days after 8 wk of environmental enrich-

ment. Hippocampal slices (400 µm thickness) were prepared and
maintained at 28°C in an interface chamber, as described in Nguyen
and Kandel (1997). Slices were superfused with artificial cerebro-
spinal fluid (ACSF, 1 mL/min flow rate) containing (in mM) 125
NaCl, 4.4 KCl, 1.5 MgSO4, 1 NaH2PO4, 26 NaHCO3, 10 glucose, 2.5
CaCl2. Extracellular recordings of excitatory postsynaptic field po-
tentials (fEPSPs) were obtained from stratum radiatum of area CA1
with 2–4 M� glass microelectrodes filled with ACSF. The Schaffer
collateral pathway was stimulated with a bipolar nickel-chromium
electrode positioned in stratum radiatum of area CA1. fEPSPs were
elicited at a stimulus intensity (0.08-msec pulse width) sufficient to
produce fEPSP amplitudes that were 40% of maximal sizes. Pre-LTP
baseline was measured by delivering single pulses of stimulation
once per minute. A single 100-Hz burst (1-sec duration) of stimu-
lation was used to induce LTP.

Hippocampal CA1 neurons were patch-clamped in the “blind”
whole-cell mode (Blanton et al. 1989) using an Axopatch-1D am-
plifier and PClamp-7 software (Axon Instruments). All cells were in
the CA1 pyramidal cell layer, as judged by visual placement of the
patch-clamp electrode. Spike frequency accommodation was used
as the physiological criterion for identifying these neurons as py-
ramidal cells (Kandel and Spencer 1961; Schwartzkroin 1977;
Schwartzkroin and Mathers 1978). Cells with resting potentials
more depolarized than −60 mV or spike amplitudes less than 80–90
mV were rejected. The patch electrode’s internal solution for cur-
rent-clamp recording contained (in mM) 130 potassium gluconate,
10 HEPES, 10 NaCl, 5 MgCl2, 0.05 CaCl2, 2 NaATP, 0.3 NaGTP
(pH = 7.3). For voltage-clamping, the electrode’s internal solution
was slightly modified from that of Hestrin et al. (1990), and it
contained (in mM) 130 CsF, 10 HEPES, 10 NaCl, 10 EGTA, 5 lido-
caine N-ethyl bromide (QX-314; pH = 7.3). Fluoride was used be-
cause it enhanced the duration of these recordings. Similar record-
ings were obtained with potassium phosphate in the electrode
solution, and no substantial differences in our results were ob-
served for these two types of intracellular solutions (see also Hes-
trin et al. 1990). For voltage-clamp measurements of glutamatergic
currents, GABAA currents were blocked with bath-applied 10 µM
picrotoxin (RBI).

Rp-adenosine 3�,5�-cyclic monophosphothioate triethylamine
(Rp-cAMPS), forskolin, 3-isobutyl-1-methylxanthine (IBMX), and
D(-)-2-amino-5-phosphonopentanoic acid (APV) were purchased
from RBI. KT-5720 was purchased from Biomol. Drugs were bath
applied at 1 mL/min. All drugs, except for Rp-cAMPS and APV, were
prepared as stock solutions in DMSO and were diluted in ACSF to
the desired concentrations. The final DMSO concentration was
0.1% and did not affect synaptic responses in our experiments.
Rp-cAMPS and APV were dissolved in ACSF to the desired concen-
trations. For some experiments with Rp-cAMPS, fEPSPs were re-
corded during stimulation (once per minute at test intensity) of an
adjacent, untetanized pathway in stratum radiatum, as described in
Nguyen et al. (1994).

Student’s t-test was used for statistical comparisons of mean
fEPSP slopes or cellular biophysical characteristics between slices
from enriched and nonenriched mice or between drug-treated and
drug-free slices.

Contextual and Cued Fear Conditioning
Fear conditioning experiments were performed as described in
Abel et al. (1997). For training, a mouse was placed in a condition-
ing chamber (Med Associates) for 2 min before the onset of a
conditioned stimulus (CS; an 85-dB tone), which lasted for 30 sec.
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The last 2 sec of the CS was paired with an unconditioned stimulus
(US), consisting of footshock (0.7 mA). Each mouse then remained
in the chamber for an additional 30 sec with no further presenta-
tion of the CS. This training protocol was identical for all behavioral
experiments. Following this training regimen, each mouse was re-
turned to its home cage. Testing for memory for contextual fear
conditioning was performed 24 h after training by measuring freez-
ing behavior during a 5-min extinction test in the conditioning
chamber. Freezing was defined as a complete lack of movement in
5-sec intervals. For tests of memory for cued fear conditioning, the
mice were placed, 24 h after training, in a novel context for 2 min,
after which they were exposed to the CS for 3 min. Freezing be-
havior was scored throughout the testing session. Student’s t-test
was used to compare the amounts of behavioral freezing (ex-
pressed as a percentage of total time spent in the conditioning
chamber) displayed by enriched and control mice during testing of
memory for contextual or cued fear conditioning. All statistical
values cited are means ± standard error of the mean (SEM).
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